at harvest time. Further experience indicates that lack of agreement is generally due to lack of uniformity in the subsoil (12). The largest discrepancies are generally found in those cases where there is a sudden and rather wide change in texture which is reflected in a large increase in the moisture equivalent with increase in depth. Soils having fairly uniform moisture equivalents at the depths sampled, as a rule, show good agreement between the permanent wilting percentage obtained with sunflowers in containers and that observed in the field, when successive soil samples showed little or no extraction of moisture.
Part of this lack of agreement is probably due to the fact that the layers of soil of different texture do not occur at a uniform distance below the surface. In taking samples, whether randomized or according to a definite pattern, the operator secures samples that vary in the proportions of the different textured soils. For example, if we have a sandy loam overlying a silt loam, one core may consist of 75 per cent. sandy loam and 25 per cent. of the silt loam, while the next sample from the same depth may contain approximately half of each. The sample may also vary from the stock supply from which the permanent wilting percentages were obtained. The operator cannot always tell when the soil tube passes from a soil of one texture to that of another because of the slight change in the downward progress of the tube. An operator using a 30-pound hammer is usually unaware of slight differences in soil texture, especially when the soil is still moist. It does not seem practicable, therefore, to attempt to keep the various layers separate.
Soil samples from plots where there is a lack of adequate root distribution may vary because of the presence of a layer of soil that for some reason is not thoroughly permeated by roots. In a mature pear orchard reported previously (12), on soil of an average medium texture, layers of soil were found in which there was an abundance of roots while in others there was a scarcity. Samples taken through these layers showed an average moisture content slightly above the permanent wilting percentage, even late in the season when there had been ample time to extract the readily available moisture. It is probable that the inclusion of moist soil from the layers with a scarcity of roots raised the average of the sample. WORK and LEWIS (15) , working with pears on a heavy clay soil, report a scarcity of fine roots. They advance the hypothesis for the soil with which they worked that even though the soil in contact with the roots may be dry, that, at a little distance away, may be moist. The sample taken with the soil tube includes portions of the dry and the wet soil, giving an average above the permanent wilting percentage.
Some of the results we have obtained are given in table I. The permanent wilting percentage of the first foot is lower in the field trials because of the inclusion of the surface mulch which lost moisture by direct evaporation. It is evident that the permanent wilting percentage obtained with sunflowers in containers, with few exceptions, agrees closely enough with those obtained in the field below the first foot to be used in planning an irrigation program. Two exceptions occurred in the data given for grapes; one in the 3-to 4-foot depth of the San Joaquin series and in the 3-to 4-foot depth in the Yolo sandy loam. It will be seen in both these cases there was a marked increase in the moisture equivalent near the depth at which the lack of agreement occurred. In the case of the plums the lack of agreement was noticeable in the second and third foot depths, while a marked change in the moisture equivalents occurred in the third foot. The results obtained with peaches show agreement with those obtained with sunflowers.
In the pear orchard on the Yolo fine sandy loam, it was noticed that year In the third experiment, with sunflowers in pails holding about 9,600 gm. of soil (figs. 8, 9) some drooping occurred when the soil moisture reached 14.8 per cent. and the plant was judged permanently wilted at 14.5 per cent. (no. 7). With the two-leaved plants the first drooping occurred at 14.9 per cent. and permanently wilted at 14.4 
(D).
It is clear from the photographs that there is a comparatively narrow range of soil-moisture content in which the appearance of the plant changes appreciably. In this part of the curve, the plant will revive if placed in the moist chamber; will wilt fairly quickly when taken out of the moist chamber; and will undergo successive wiltings and revivals, until it finally reaches a condition of wilt from which it will not revive.
We have pointed out (9) that this succession of soil moisture percentages represents a range in which the plant passes from full turgidity to permanent wilting. Obviously, there is some leeway in judging when a plant is permanently wilted since it is impossible to tell when a plant has gone beyond the permanent wilting stage. Therefore, the permanent wilting percentage represents a narrow range of moisture contents rather than a unique value. Generally, this value may be obtained from plants in con- tainers Within about one per cent. with the fine-textured soils and about 0.5 per cent. with the sands. For example, in figure 5 it will be seen that in the 600-gram containers there is a drop of 0.9 per cent. in soil-moisture content from the time drooping became apparent to that of permanent wilting; in figure 6 the corresponding drop was 0.7 per cent.; while in figure 8 The reduction below the permanent wilting percentage obtained in the field, in our experience, is much less than that from plants in containers. For example, with sunflowers in small containers ( fig. 5 ) the loss after the first sign of wilting was 1.9 per cent. in 7 days; from another series of large containers the loss was 1.7 per cent. in 7 days, and from a third ( fig. 10 ) 4 .7 per cent. in 24 days, at which time the plants appeared dead. In contrast, in the field, the loss of soil moisture below the surface layer from the time the moisture curves became horizontal or nearly so was one per cent. or less during the remainder of the growing season, which may be 3 or 4 months, as shown in figures 13, 14, and 15. Similar results were obtained with walnuts (12). The reasons why plants in containers reduce the soil moisture below that found in the field after wilting are not known, but the loss seems to be greater than could be attributed to that through the seal. If plants in containers are allowed to reduce the moisture below permanent wilting percentage, the selected percentage thus obtained is lower than that obtained in the field. While the differences in moisture contents between the permanent wilting percentage and "ultimate wilting point" obtained from plants in containers may be comparatively large, the differences be- 
EFFECT OF REMOVAL OF ALL BUT ONE OR TWO LEAVES
Indecision as to what leaves to watch for wilting may be avoided by reducing the plant to one leaf or a pair of leaves as illustrated in figures 3 and 7. By using 1-or 2-leaved plants the "wilting range" may be materially reduced; when the leaves will not revive in a moist chamber, there are no others present to influence the judgment of the operator. The permanent wilting percentage was determined for a large number of plants 5, 6, 8, 10 ), it will be found that the permanent wilting percentage is at a moisture content slightly below the first reduction in rate of loss that occurred when the leaves first began to droop. The fact that it is so easy to allow the plant to remain wilted too long, and that slight errors in judgment are bound to occur, shows that it is practically impossible to assign a unique value to the permanent wilting percentage, and that this soil moisture condition must cover a small range of moisture cont.ents. In clay soils this range need not exceed 1 per cent., and in sands, more than 0.5 per cent. If all of the leaves on a plant in a container are allowed to wilt to ascertain the permanent wilting percentage, the resulting value is much lower than that found under field conditions. Furthermore, with sunflowers, when all the leaves have wilted, some of them are dead. The minimum moisture content obtained with plants in containers, when all the leaves are allowed to wilt, and which corresponds to the "ultimate wilting point" is of questionable value in irrigation practice because it is a moisture content lower than that reached in one season on irrigated soils, except in the surface layer where direct evaporation is a factor.
Losses from the relatively small container would doubtless continue whether the plant is dead or alive, until finally the soil reaches the air-dry condition. If the "ultimate wilting point" is defined as the moisture content at which all the leaves wilt, confusion can be eliminated by using a plant with but one leaf. The permanent wilting percentage and the ultimate wilting point would then coincide.
We have only one visual criterion for wilting in sunflower plants, and that is whether the plant revives or not when placed in the moist chamber. If the selected leaves revive, the plant is temporarily wilted; if they do not, it is permanently wilted. Unfortunately, this criterion gives no indication if the selected leaves have gone beyond wilting. We have not been able to pick out intermediate stages of wilting such as "first permanent wilting" with a sufficient degree of accuracy to make these values useful.
The constancy of the permanent wilting percentage and its recurrence within close limits each season in regions of rainless summers, as illustrated in the results obtained with native vegetation, makes it a useful base from which to calculate the amount of rainfall needed to replenish the water used by plants. In general, the total rainfall minus the sum of the amount needed for this replenishment, plus the amount lost by direct evaporation, plus the runoff, gives the rainfall that finds its way to the underground supply. Similarly, the amount of water required in irrigation practice to www.plantphysiol.org on January 6, 2018 -Published by Downloaded from Copyright © 1945 American Society of Plant Biologists. All rights reserved.
